Introduction
The number of people aged 50 and older living with HIV in the U.S. has increased 77% from 2001 to 2005 (www.cdc.gov., accessed on May 22) . As the HIVinfected population continues to age, cardiovascular disease will become an increasingly important issue. This is particularly true as emerging data indicate that even after controlling for traditional risk factors (including age), HIV-infected patients have higher rates of atherosclerosis than HIV-seronegative persons [1, 2] . Several factors may contribute to this risk, including direct antiretroviral drug toxicity [3, 4] . Other possible contributing factors include HIV-associated inflammation and/or immunodeficiency, as well as direct effects of HIV replication on the endothelium. In a large randomized clinical study comparing continuous antiretroviral therapy to intermittent antiretroviral therapy (the SMART study), interrupting therapy (or not starting therapy) was associated with a higher risk of cardiovascular events [5] , suggesting that any of these HIVassociated factors (viral replication, immunodeficiency, inflammation) may be causally associated with premature cardiovascular disease.
Chronic inflammation and immune activation are now recognized as major risk factors for atherosclerosis [6] . Since the immune system is chronically activated in untreated and to a lesser degree treated HIV disease [7] , we recently postulated that T-cell activation is associated with atherosclerosis. Although T-cell activation assessed broadly did not correlate with carotid artery intimamedia thickness (IMT), a validated measure of atherosclerosis, we found that cytomegalovirus (CMV) -specific CD8 þ T-cell responses -which are greatly augmented in HIV disease -were strongly predictive of IMT [8] . These data provided support for an inflammatory/immune component as a mechanism for the accelerated atherosclerosis in HIV-infected individuals. Consistent with this theory, untreated HIV infection has been associated with increased levels of interleukin-6 (IL-6), a proinflammatory cytokine and a stimulus to hepatic C-reactive protein (CRP) production. Higher levels of IL-6 strongly predict cardiovascular events and overall mortality in antiretroviral-untreated and treated HIV infection [9] . Considered together, these observations suggest that HIV disease drives premature heart disease via its impact on the immune system and ultimately inflammation. Whether this immunomodulatory and proinflammatory effect is mediated via the level of HIV viremia, the degree of CD4 þ cell depletion, or other processes remains unclear.
There exists among the HIV-infected population a rare group of individuals who are able to maintain undetectable plasma HIV RNA levels in the absence of any antiretroviral therapy. These 'elite' controllers are of high interest scientifically, as one of the primary objectives of a preventive HIV vaccine is to alter the host/virus interaction so that viremia remains low in those who become infected [10, 11] . Although the mechanism of virus control in these individuals remains to be defined, it is clear that a strong and persistent HIV-specific immune response exists among these patients [12] . Indeed, we have demonstrated that the level of chronic immune activation is elevated among elite controllers as compared to HIV negatives [13] . Controllers are enriched for a number of genetic polymorphisms that affect the inflammatory response [14, 15] .
In order to test the importance of antiretroviral therapy, viral replication, immunodeficiency, and inflammation in driving atherosclerosis, we assessed carotid IMT, a measure of atherosclerosis, and CRP, a measure of systemic inflammation, in a diverse group of HIV-uninfected and infected adults. Because the HIV controllers lack both exposure to antiretroviral therapy and have neither measurable viremia nor overt immunodeficiency, we focused on these persons to determine if they are prone to premature atherosclerosis and if so, whether HIVassociated inflammatory responses might be contributory. Accordingly, these HIV controllers were compared to four relevant comparator groups: HIV-seronegative adults, untreated HIV-seropositive adults with detectable levels of viral replication and HIV-seropositive adults receiving long-term antiretroviral therapy both with and without detectable levels of viral replication.
Methods

Study participants
All study participants were recruited from the University of California, San Francisco SCOPE Cohort. By design, nested within this cohort is a relatively large group of rare individuals who were recruited on the basis of their ability to control HIV replication in the absence of therapy. Individuals are referred to SCOPE and this substudy independently of their cardiovascular risk. All individuals underwent a standard interview and had high-resolution ultrasound measurement of carotid IMT. For the purposes of the current analysis, participants were classified on the basis of their HIV disease and treatment status at the time of the ultrasound studies into four groups: HIV controllers: positive for HIV by standard antibody serological determinations with undetectable HIV RNA level (<75 copies RNA/ml) in absence of therapy, HIV noncontrollers: detectable HIV RNA levels in absence of therapy, highly active antiretroviral therapy (HAART) responders: on combination antiretroviral therapy with undetectable HIV RNA levels, and HAART nonresponders: on combination therapy with persistently detectable HIV RNA levels. HIV-seronegative participants were selected mainly from those answering advertisements to participate in research studies who were similar in age and sex to the HIVinfected participants. The University of California, San Francisco Committee on Human Research approved the study, and all patients provided written informed consent.
Risk factor assessment
All patients underwent a detailed interview and structured questionnaire given by study investigators covering sociodemographic characteristics, HIV disease history, other comorbid conditions, health-related behaviors, medication exposure, and family history. Detailed chart review was performed on each patient to carefully ascertain duration of antiretroviral medication. Total and Highdensity lipoprotein (HDL) cholesterol, triglycerides, highsensitivity CRP (hsCRP; Dade Behring), and glucose were measured from blood obtained in the fasting state. Low-density lipoprotein (LDL) cholesterol was calculated except in hypertriglyceridemic patients (triglycerides >400 mg/dl) in whom it was measured directly.
Carotid intima-media thickness measurements Carotid IMTwas measured by high-resolution ultrasound with the GE VividSeven Imaging System and a 10-MHz linear array probe, as described previously [1] . Briefly, carotid IMTwas measured in 12 predefined segments (six segments per side) using the standardized protocol of the Atherosclerosis Risk in Communities (ARIC) Study which includes measurements of the near and far wall of the common carotid, the carotid bifurcation, and the internal carotid [16] [17] [18] . Mean value of 12 segments was calculated. All scans were performed and measurements obtained on digital images using manual calipers by a single experienced vascular technician who was blinded to the participant's HIV status and treatment status. Fifteen patients underwent a second carotid scan within 1 month of the first. The correlation coefficient for the comparison of blinded measurements was greater than 0.90.
Statistical analyses
Unadjusted comparisons between groups were made with Kruskal-Wallis tests followed by pairwise Wilcoxon rank sum tests for continuous variables and chi-square and Fisher's exact tests for categorical variables. Correlations between continuous variables were assessed with Spearman's rank correlation coefficients. Adjusted differences between groups were assessed with linear regression, transforming continuous variables and calculating standard errors with heteroskedasticity-consistent covariance matrix estimators when necessary to satisfy model assumptions [19] . All traditional cardiac risk factors [age, sex, family history, hypertension, fasting serum glucose, smoking (in pack years), and LDL level] were considered as potential confounders in multivariable models. In addition, we explored the relationship between other potential predictors of IMT as possible confounders including current use of lipid-lowering therapy, mean arterial blood pressure, and fasting serum triglycerides, and HDL on the day of evaluation, considering each of these factors in multivariable models if they were associated with IMT in unadjusted models at the P < 0.10 level. All traditional risk factors as well as those additional factors associated with IMT in unadjusted analyses were initially included in multivariable models, then removed in a stepwise manner if their inclusion changed the beta coefficient of the primary predictor (controllers vs. control group) by less than 10%. Since hsCRP may be a mediator of HIV-associated atherosclerosis rather than a true confounder, we assessed models with and without hsCRP.
Results
Participant characteristics
The characteristics of the 401 HIV-seropositive participants, including 33 HIV controllers, as well as 93 HIVseronegative controls are shown in Table 1 . Most of the study participants were men (87% in the HIV-infected group and 77% of controls, respectively) and approximately 50% were Caucasian. The HIV-seropositive patients were older than the controls (48 years compared to 43 years) and more likely to have smoked in the past. The HIV-seropositive patients were also more likely to have had a prior history of coronary artery disease and a prior history of hypertension, whereas the controls had a higher LDL cholesterol and HDL cholesterol ( Table 1 ). The median duration of HIV diagnosis ranged from 11 to 15 years, and was similar in each of the four HIVseropositive groups ( Table 1 ). The median nadir CD4 þ cell count for HIV controllers, noncontrollers, HAART responders, and HAART nonresponders was 491, 361, 110, and 70 cells/ml, respectively. Most of the antiretroviral-treated patients had received protease inhibitors for part or all of their treatment course. The median duration of HAART was 5.8 years in the responders and 4.9 years in nonresponders.
Traditional risk factors in HIV-associated atherosclerosis
As has been reported by our group and others in the past, HIV-seropositive participants had much higher median IMT than HIV-seronegative participants (0.91 vs. 0.72 mm, P < 0.001; see Fig. 1 ). Among all participants, increasing age, cigarette pack years, LDL cholesterol, triglycerides, current lipid lowering therapy use, glucose (but not diabetes), hypertension, and hsCRP were each associated with higher IMT. However, the difference in the carotid IMT between the HIV-seropositive and seronegative individuals remained highly significant even after adjusting for all these risk factors, as well as family history and sex (P < 0.001).
Carotid IMT is increased in HIV controllers
Despite having no exposure to antiretroviral therapy, no detectable HIV RNA levels using conventional assays, and high CD4 þ T-cell counts, the HIV controllers had a higher median IMT than the HIV-seronegative participants (0.91 vs. 0.72 mm, P < 0.001). This difference remained significant when stratifying by smoking, hypertension, or age (Fig. 2) . The difference also remained significant when restricting the analysis to those with a current CD4 þ cell count more than 500 cells/ml (Fig. 2) . The HIV controllers also had higher adjusted mean IMT than HIV-uninfected participants after controlling for traditional risk factors in a multivariable linear regression analysis (P ¼ 0.005; Table 2 ). This difference remained significant even when restricting the multivariable model to those without hypertension and to those with CD4 cell counts more than 500 cells/ml (P ¼ 0.031).
CD4 R cell counts, plasma HIV RNA levels, and carotid IMT The HIV controllers also had a trend toward higher median IMT than HIV-infected noncontrollers (0.91 vs. 0.83 mm, P ¼ 0.13; Fig. 1 ), suggesting that high levels of HIV replication and/or immunodeficiency evidenced by reduced CD4 þ cell counts are not a prerequisite for the development of atherosclerosis in the setting of untreated HIV infection. In fact, higher plasma HIV RNA levels were weakly associated with lower IMT among the HIV noncontrollers (rho À0.23, P ¼ 0.022), although this relationship was no longer significant after adjustment for age (P ¼ 0.69). In addition, there was no evidence for a difference in IMT between HIV controllers and either HAART responders (P ¼ 0.49) or nonresponders (P ¼ 0.86). There was also no evidence for a relationship between IMT and CD4 þ T-cell count among HIV controllers (rho 0.23, P ¼ 0.20) or untreated noncontrollers (rho 0.13, P ¼ 0.20). Finally, there was no evidence for a relationship between IMT and selfreported nadir CD4 þ T-cell count among treated HIVinfected participants.
Antiretroviral treatment and carotid IMT Antiretroviral-treated patients had a higher median IMT than the untreated patients (0.94 vs. 0.85 mm, P ¼ 0.006; Fig. 3 ). Furthermore, among all HIV-infected participants, increasing duration of HAART (rho 0.20, P < 0.001), protease inhibitor use (rho 0.19, P < 0.001), and nucleoside analogue use (rho 0.23, P < 0.001) were each associated with thicker IMT. These relationships remained significant after adjustment for traditional cardiac risk factors and the duration of HIV diagnosis (P 0.024 for all).
C-reactive protein is increased in HIV controllers
High-sensitivity C-reactive protein values were significantly higher among all HIV-seropositive patients compared to HIV-seronegative controls (median value of 2 mg/dl in HIV-seropositive vs. 1.1 mg/dl in HIVseronegative, P < 0.001; see Table 1 ). This was true even after correcting for traditional risk factors (P ¼ 0.003). Notably, hsCRP in the HIV controllers was similar to Glucose modeled as a squared term.
Discussion
HIV-infected patients are at an increased risk of developing atherosclerosis and cardiovascular disease than age-matched HIV-seronegative adults, yet the mechanisms accounting for this effect remain poorly defined. To clarify the role of several factors putatively associated with atherosclerosis in HIV patients, we used high-resolution ultrasound to quantify subclinical atherosclerosis in a large cohort of HIV-infected individuals. Nested within this cohort was a sizeable group of HIV-seropositive individuals who are able to maintain an undetectable HIV viral load in the absence of antiretroviral therapy (elite controllers). Compared to uninfected controls, carotid IMT was higher among all groups of HIV patients, irrespective of antiretroviral treatment or the level of viremia. HIV controllers were of particular interest as they lacked the previously suggested key risk factors needed for the development of HIVassociated atherosclerosis namely, exposure to antiretroviral therapy, high-level viremia, and/or advanced immunodeficiency. The unexpected finding of a high IMT in HIV controllers suggests that other factors contribute to the pathogenesis of HIV-associated atherosclerosis. We have previously reported that 'elite' control of HIV is typically associated with high levels of T-cell activation (as compared to HIV-seronegative persons) [8] , and extend these observations to include CRP, a marker of systemic inflammation. Collectively, these data argue for a possible role of persistent HIVassociated inflammation as a potential cause for accelerated atherosclerosis in HIV disease.
One potential explanation for our findings was that we inadvertently selected a group of HIV-seronegative controls who lacked risk factors and/or had unusually low levels of IMT. This is unlikely as our seronegative controls had carotid IMT values between the 50th and 75th percentile of the Multi-Ethnic Study of Atherosclerosis Study cohort aged 45-54 years, whereas our HIV controllers had IMT values far in excess of 75th percentile of this cohort [20] . In fact, the IMT of our HIV-infected patients, including that of the HIV controllers, was similar to that of patients with heterozygous familiar hypercholesterolemia before the era of intensive statin use [21] , a condition almost invariably associated with premature atherosclerosis and coronary heart disease. Our findings suggest that HIV may be associated with a similarly accelerated form of atherosclerosis.
Although 'elite' controllers lack readily detectable HIV RNA using conventional assays, they clearly harbor replication-competent virus and almost invariably have measurable plasma HIV RNA using very sensitive assays [22, 23] . Determining the degree to which this low-level HIV replication among HIV controllers is responsible for increased cardiovascular risk has implications for antiretroviral-treated patients, since they too often have evidence of persistent low-level viremia (and perhaps low-level viral replication) [24] [25] [26] .
Among HIV controllers, CRP levels, a marker of systemic inflammation, are elevated and indistinguishable from that of the other HIV-seropositive groups. In uninfected patients, atherosclerosis is a disease with a strong proinflammatory component [6] . Activated Tcells, macrophages, and mast cells act in concert to release factors leading to atherosclerosis initiation, progression, plaque instability, and intraluminal thrombus formation [6] . Within the context of HIV infection, heightened antigen-specific T-cell responses and more recently levels of IL-6, a key stimulus to the hepatic production of CRP, have been associated with accelerated atherosclerotic disease [8, 9] . Here, we used measurements of hsCRP to confirm that HIV disease is a proinflammatory state, even among the HIV controllers. In uninfected individuals, hsCRP independently predicts cardiovascular disease risk [27, 28] , whereas in HIV-seropositive patients, hsCRP clearly predicts mortality [29] . Although the presence of relatively high hsCRP levels in our controllers confirms that long-term host-mediated control of HIV is a proinflammatory state, the fact that CRP only explained a small proportion of the differences in IMT between the HIV controllers and HIV-seronegative persons suggests that other inflammatory mediators are more likely causally associated with premature atherosclerosis in HIV disease.
Several factors may contribute to systemic inflammation in HIV-infected controllers. First, HIV infection is associated with an early and rapid destruction of CD4 þ T-cell population within the intestinal lymphoid tissue [30] . This loss of antimicrobial defense mechanism may 1064 AIDS 2009, Vol 23 No 9 lead to the chronic entry of bacterial proinflammatory products including endotoxin (lipopolysaccharide) into the blood stream (bacterial translocation) [31] . We have demonstrated that compared to controls, HIV controllers (as well as HIV noncontrollers) have much higher circulating levels of lipopolysaccharide [13] a product associated with endothelial dysfunction [32, 33] and early atherogenesis [34] . Increases in lipopolysaccharide also activate the innate and adaptive immune systems [31] . Accordingly, higher levels of bacterial lipopolysaccharide potentially result in endothelial dysfunction, immune activation, and chronic inflammation leading to accelerated atherosclerosis among individuals with HIV, including HIV controllers. Second, other viruses in patients with HIV may be involved in immune activation and inflammation and hence atherosclerosis. Most HIV patients, including controllers, are seropositive for CMV. Among all HIV patients, we have shown that increases in CMV-specific T-cell responsiveness correlate directly with the extent of atherosclerosis [8] . In preliminary data from our group, HIV controllers appear to have higher CMV-specific T-cell responses compared to uninfected controls (Hunt P-W, unpublished data), suggesting that inflammatory responses related to CMV infection may play a role in HIV-associated atherosclerosis. Lastly, strong HIV-specific T-cell responses -the very responses that are thought to help controllers maintain control of HIV replication - [12, [35] [36] [37] [38] [39] [40] may also be contributing to generalized inflammation even in the absence of clinically detectable viremia [41] .
The study has several limitations that deserve comment. This was a cross-sectional study, in which the rate of progression in carotid IMT cannot be measured. This study design makes it particularly challenging to compare treated and untreated disease, as those on and off therapy almost certainly have very different prior disease histories that are difficult to measure. The comparisons between the HIV-seronegative persons and the HIV controllers are less problematic, as the two groups likely differ primarily in the exposure variable of interest. Also, the magnitude of the differences between the HIV-seronegative persons and the controllers is so great that unmeasured confounders are unlikely to solely account for our observed differences. Another potential limitation is the absence of studies correlating carotid IMT with cardiovascular event rates in the HIV infected population. However, extensive data [20] suggest that carotid IMT is a powerful predictor of cardiovascular outcomes in patients without HIV. Extrapolation to HIV patients is reasonable, although remains to be proven. Finally, it is important to stress that the role of inflammation in causing the relatively high levels of IMT in our controllers is based largely on inferences from our prior studies in which we demonstrate that long-term host-mediated control of HIV replication is associated with high levels of T-cell activation. We plan in future studies to investigate in more detail the relationship between inflammation and IMT progression among a larger number of HIV controllers. Larger studies will also allow us to control for other potential factors that might be related to persistent inflammation in HIV-infected controllers, including injection drug abuse and/or the presence of certain other coinfections (e.g. CMV, hepatitis B virus, hepatitis C virus).
In summary, HIV infection is associated with premature atherosclerosis, as measured by IMT. This occurs even in the absence of detectable viremia, overt immunodeficiency, and exposure to antiretroviral therapy, and appears to be independent of traditional cardiac risk factors. Whereas antiretroviral therapy and advanced immunodeficiency likely contribute independently to atherosclerosis in HIV patients, our results with the controllers demonstrate that these elements are not a prerequisite for higher levels of subclinical atherosclerosis. Whether the premature atherosclerosis observed in our controllers is due directly to an inflammatory process remains to be established. From a clinical perspective, our observations suggest that all HIV-infected individuals -even those doing apparently well with or without antiretroviral treatment -may benefit from aggressive cardiovascular risk management and perhaps the use of anti-inflammatory agents such as statins [42] , although this remains unproven treatment in this setting. Finally our observations have implications for individuals treated adequately with antiretroviral therapy by current standards, since it remains possible that persistent low-level viral replication which can occur despite otherwise effective therapy may still prove to be harmful. In the future, achieving and maintaining even lower viral loads than current therapies permit in individuals with HIV will need to be investigated both in terms of HIV disease and cardiovascular risk.
